Titanium nitride films were formed on the surface of Ti-6Al-4V discs by plasma nitriding (glow discharge) in different N 2 :H 2 atmospheres at several substrate temperatures. In this study the influence of the process parameters on dynamic micro-hardness were investigated. Grain sizes of the nitride films, determined with X-Ray Diffraction, were related to the nitriding parameters. TiNx stoichiometry was determined with Nuclear Reaction Analysis and showed a correlation to substrate temperature during the nitriding process. Micro-hardness measurements were taken on the nitrided surfaces. Grain sizes increased for a particular gas composition of 60%N 2 +40%H 2 where hardness was lowest.
INTRODUCTION
The application of titanium alloys is limited by low shear strength, high coefficient of friction, low hardness and poor wear resistance. Plasma nitriding by glow discharge is an important process to improve surface properties of these alloys [1] [2] [3] [4] [5] [6] . Some questions remain about the dependence of surface properties on nitriding parameters. This work presents influence of the process parameters on surface modifications obtained on Ti-6Al-4V: dynamic micro-hardness, grain sizes from X-Ray Diffraction and TiNx stoichiometry from Nuclear Reaction Analysis (NRA) were determined and related to deposition temperature and gas composition. Micro-hardness measurements on the nitrided surfaces varied significantly due to the inherent asperity of the films and showed a weak inverse correlation to grain size of the surface film.
MATERIALS AND METHODS
Ti-6Al-4V samples were nitrided at temperatures of 500, 600 and 700 °C and gas mixtures of 80%N 2 +20%H 2 , 60%N 2 +40%H 2 , 50%N 2 +50%H 2 , 40%N 2 +60%H 2 , and 20%N 2 +80%H 2 .
Phases formed on the surface were characterized using Glancing Incidence X-ray Diffraction (GIXRD) with incidence angles of 0.5°, 1°, 2° , 4° and 6°, using a XRD6000 from Shimadzu with a thin film attachment. This technique probes different depths of the sample surface [7] , following the equation
Where G x is the fraction of the diffraction intensity coming from a certain depth, μ is the x-ray absorption coefficient, x is depth, α is the incidence angle and θ is the scattering angle. Depths probed by different incidence angles in TiN (μ TiN = 8,49 x 10 -2 μm -1 ) are shown on Figure 1 . The significant peak fraction is considered to be 95%. Nitrogen content of the near surface layer (200 nm) was obtained with Nuclear Reaction Analysis (NRA), where the samples were irradiated with 429 keV protons using a HVEE-500 kV linear accelerator. The gamma rays produced in the nuclear reaction 15N(p,αγ) 12 C were counted to quantify nitrogen content.
Dynamic hardness from the nitrided surfaces was measured using a Shimadzu Dynamic Ultra Micro Hardness Tester, model DUH211S, with a 115° triangular pyramid indenter. Figure 2 shows a set of diffraction patterns at incidence angles of 0.5°, 1°, 2°, 4° and 6° from a sample nitrided at 700 °C in a gas mixture of 80%N 2 +20%H 2 . The most intense peaks in these diffractograms are related to δ-TiN (labeled δ in the graph), and reach maximum value at 2°. The phase ε-Ti 2 N is observed at all incidence angles and reaches maximum values at 4°. This difference in relative intensities of the two nitrides evidences a layered structure, with δ-TiN on top of ε-Ti 2 N. Peaks from α-Ti are not visible at incidence angles below 4° indicating that the titanium alloy is below the other two phases at a depth of almost 2 μm. NRA results (Figure 3 ) also show the formation of phases with distinct composition, as indicated by the presence of plateaus in the depth profile at compositions that are compatible with the stoichiometry of the phases δ-TiN and ε-Ti2N.
RESULTS AND DISCUSSION
For all samples the formation of titanium nitride with approximately 50 at% of nitrogen was observed near the surface. The 700 °C sample showed this value at all depths analyzed (200 nm). The 600 °C sample showed a 50 nm TiN plateau, then a region with a decreasing diffusional profile until 100 nm, where a plateau corresponding to ε-Ti 2 N appeared, with nitrogen content of 33-36 at%. The 500 °C sample did not reach stoichiometric TiN values at the upper layer and showed only a diffusional nitrogen profile without any plateaus, consistent with nitrogen in a solid solution of the α-Ti matrix. NRA depth profiles corroborated the formation of structured layers with δ-TiN on top of ε-Ti 2 N, both on top of a α-Ti(N) that contains less and less nitrogen as the depth is increased. Even though NRA could not show this structure in a single sample -the combination of three samples at different temperatures showed these phenomena at the uppermost 200 nm. Figure 4 shows a typical 10 mN load-unload curve for pristine and nitrided samples, where approximately 10% of the layer thickness was probed. Seven indentations in each sample were performed to obtain an average hardness value. A large standard deviation was observed and attributed to the high roughness at the surface of samples nitrided at 700 °C. Dynamic hardness values (DHT115) were calculated using the equation DHT115 = 3.8584 x F / h 2 , where F is the maximum force (10 mN) and h is the maximum penetration depth (μm) [8] .
Grain size, hardness and elastic modulus for nitrided samples as a function of nitrogen concentration in the plasma are plotted in Figure 5 . The graph suggests that higher grain sizes relate to lower hardness.
CONCLUSION
Temperature was the most important process parameter to control in order to produce stoichiometric nitrides and improve growth rates. Grain size increased for a particular gas composition (60%N 2 +40%H 2 ) where hardness was lowest. Further studies are under way to evaluate the dependence of grain size, hardness and elastic modulus on nitriding temperature and nitriding atmosphere composition.
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